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ABSTRACT: Tetraphenylethene (TPE) derivatives characterized with
distinct aggregation-induced-emission, attempted to aggregate with
doxorubicin (Dox) to formulate the interior compartment of polymeric
nanoparticulate, served as fluorescence resonance energy transfer
(FRET) donor to promote emission of acceptor Dox. Accordingly,
this FRET formulation allowed identification of Dox in complexed form
by detecting FRET. Important insight into the Dox releasing can be
subsequently explored by extracting complexed Dox (FRET) from the
overall Dox via direct single-photon excitation of Dox. Of note,
functional catiomers were used to complex with FRET partners for a
template formulation, which was verified to induce pH-responsive
release in the targeted subcellular compartment. Hence, this well-
defined multifunctional system entitles in situ observation of the drug
releasing profile and insight on drug delivery journey from the tip of
injection vein to the subcellular organelle of the targeted cells.
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Doxorubicin (Dox) as extensively prescribed as anticancer
chemotherapy drug, routinely administered into the vein,

has been verified to impose severe irritations because of its
propensity to leak into the surrounding tissue of the
administration site and nonspecific accumulation into vital
organs.1,2 To circumvent the poor bioavailability issue,
appropriate manufacture of nanoscale delivery vehicle to
encapsulate the Dox cargo is plausible to acquire improved
bioavailability to the tumors and reduced nonspecific
toxicities.3−7 Nevertheless, detailed information regarding to
in situ Dox transportation scenario post systemic admin-
istration and subsequent intracellular trafficking is elusive owing
to the restriction presented by intrinsic nature of Dox, its
hydrophobicity leads to substantial aggregation induced
quenching to the coupled fluorescence reporter.8 However,
lacking of these critical information will impose substantial
obstacle to acquire prognosis and impede the verification of the
developing strategies in pursuit of improved therapeutic
efficacy. An ultimate modality for drug delivery should,
ensemble of both therapeutic and reporting functionalities, be
capable of not only affording targeted delivery activity, efficient
cellular uptake, controlled intracellular drug releasing, but also
providing facile functionality for in situ supervision of the
encapsulated drug cargo over the whole process of drug

delivery.9−12 To accomplish this task, tetraphenylethene (TPE),
a novel fluorophore characterized with distinctive aggregation
induced emission (AIE) behavior,13−16 was utilized to construct
interior of drug delivery vehicle via hydrophobic aggregation
with Dox.17,18 In this report, para-carboxyl-functionalized TPE
was synthesized, exhibiting excellent solubility in aqueous
phosphate buffered saline (PBS, pH 7.4). This is particularly
desirable to the biological applications, which could resolve the
potential safety issues related to organic solvents, e.g. DMSO,
required to dissolve TPE.18 Importantly, the emission wave-
length of TPE coincided with the wavelength requested by
excitation of Dox.18 Accordingly, TPE can be anticipated to not
only serve as amplifier to promote in situ surveillance of
doxorubicin based on fluorescence resonance energy transfer
(FRET) between TPE (donor) and Dox (acceptor) with
respect to the critical distance requirement for FRET (within
10 nm),19 but also as reporter to disclose the drug-releasing
site, the destination of the carrier and the executing site of the
drugs at subcellular level.20−22 To test our strategy, we
attempted to create a template formulation here for possible
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utility in surveillance of Dox delivery. Specifically, TPE/Dox
interior was created based on aggregation of their hydrophobic
components, and the anionic carboxyl functionalization to TPE
enable subsequent electrostatic complexation with pH
responsive cationic amino poly(glycerol methacrylate)
(PGMA) derivative to seek controlled intracellular Dox
releasing.23−25 The abundant amino groups of PGMA
derivative is convenient for further chemistry functionalization,
herein ligand folic acid was introduced with aim of improved
tumor targeting function.26 Of note, previous research has
demonstrated the strategic introduction of folic acid into
charged components capable of overcoming the difficulty of the
exposure of lipophilic folic acid, thereby facilitating receptor-
mediated interaction.27 Pertaining to the optimal wavelength
(∼330 nm) to excite TPE in UV region, we were encouraged to
employ an alternative red-shifted two-photon excitation for
acquiring deeper tissue penetration, efficient light detection,
and reduced phototoxicity. The facile combinatorial strategy of
AIE and FRET would permit identification of aggregated form
of Dox (aggregated with TPE in the complex) by observing
FRET emission via two-photon excitation of TPE. Further-
more, the overall Dox was captured via direct single-photon
excitation of Dox, consequently providing important implica-
tion of the released Dox. In this regard, it can be anticipated
that the constructed Dox delivery vehicle should provide an
intriguing platform for targeted delivery of Dox with
appreciable surveillance capacity, allowing in situ observing
delivery scenario from the range of the whole living body to the
subcellular level.
To start with, the functional components (chemical

structures in Figure 1a) in the proposed formulation were
synthesized. The TPE derivative characterized with anionic
carboxyl groups was synthesized according to scheme 1 (Figure
S1). The resulting product was characterized by 1H NMR, 13C
NMR, and DEPT135 measurement, and the peaks of the 1H
NMR, 13C NMR, and DEPT135 spectra were correctly assigned
to the corresponding protons and carbons of TPE-COOH,

indicating successful carboxyl functionalization to TPE (TPE-
COOH was referred as TPE hereafter). Furthermore, the
cationic PGMA derivative was synthesized according to scheme
2 (Figure S2).28,29 The resulting product of PGMA (Mn = 13
000, polydispersity = 1.20, as determined by GPC) was
characterized by 1H NMR measurement, and the peaks of the
1H NMR spectral were well-assigned to the corresponding
protons of PGMA. The epoxy groups of PGMA were then
reacted with ethylenediamine to obtain cationic amino PGMA
(PGMA-EDA)30−32 and its amination conversion ratio was
determined to be 81.6% according to elemental analysis.
Furthermore, the folic acid conjugation to the side chain of
PGMA-EDA was performed by coupling reaction of carboxyl
groups from folic acid and amine groups from PGMA
precursor, the successful conjugation of folic acid was
confirmed by IR and fluorescence measurement (Figure S2),
which was determined to possess 5.5 folic acid per PGMA
precursor.
Prior to nanoparticle fabrication, it is important to confirm

the yielded TPE capable of preserving AIE character. No
distinct Tyndall effect was observed for TPE in PBS solution
(pH 7.4) (Figure 1b), indicating its excellent molecular
dispersion in aqueous solution. In consistency, the fluorescence
emission of this pure TPE solution was measured to be
markedly low as compared to the mixture of TPE and cationic
PGMA-EDA (Figure 1c). The fluorescence emission of TPE
appeared to follow progressive enhancement with continuous
addition of PGMA-EDA (Figure 1c), likely to be a consequence
of TPE aggregation with cationic PGMA-EDA through
electrostatic complexation. This result verified TPE preserving
appreciable AIE character despite it having been para-
functionalized with carboxyl groups. The validation of TPE
with distinct AIE character implied its potential use to promote
excitation of its interior partner Dox based on FRET.
Furthermore, recording of the excitation and emission

spectra for TPE and Dox verified them as the appreciable

Figure 1. Validation of TPE and Dox as combinatorial duo for potential utility in surveillance of Dox based on characteristic AIE behavior of donor
TPE and FRET to acceptor Dox. (a) Chemical structure of TPE and Dox. (b) Tyndall effect and fluorescence emission of TPE, TD, and TDP. (c)
Distinctive AIE behavior of TPE, where TPE solution at constant concentration complexed with varying concentration of PGMA-EDA was excited at
wavelength of 330 nm. (d) Characterization of absorbance and emission profile of TPE and Dox. (e) Distinctive FRET spectra of TPE/Dox mixture,
where TPE solution at constant concentration mixed with varying concentration of Dox was excited at wavelength of 330 nm.
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combinatorial duo to establish the FRET system, where the
emission range of donor TPE (400−570 nm) almost coincided
with the excitation range of acceptor Dox (350−600 nm),
(Figure 1d). Subsequent recording the excitation/emission
spectra of TPE and Dox mixture (constant TPE concentration
but varying Dox concentration) captured distinct character of
FRET: progressive growth in emission at wavelength of 580 nm
(emission of acceptor Dox) in accompany with the gradually
decline in emission at wavelength of 450 (emission of donor
TPE) (Figure 1e). In addition, the excitation spectra DOX was
measured at the emission wavelength of DOX (580 nm). The
maximum excitation wavelength of DOX was determined as
490 nm (Figure S3), which is consistent with emission
wavelength of TPE, suggesting the occurrence of FRET. On
the other hand, the fluorescence lifetime of TPE is 439.7 ns. In
contrast, when formed NPs, the lifetime of TPE was
significantly decreased to 287.2 ns (Table S1), which further
confirmed the existence of FRET process in the NPs, because
the occurrence of FRET usually accompanied by a shortened
fluorescence lifetime of the donor.33

To fabricate nanoparticle with interior composed of TPE and
Dox (referred hereafter as TD), TPE and Dox stock solutions
were prepared by dissolved the powder in PBS (pH 7.4),
respectively. Then, an aliquot of 50 μL of TPE in PBS was
applied to 40 μL of Dox aqueous solution under vortex. Aiming
for a controlled release of Dox, the pH responsive PGMA-EDA
was electrostatically complexed with preformed TD interior to
formulate the exterior layer, which was referred hereafter as
TDP. The attachment of PGMA-EDA was confirmed by zeta-
potential measurement, where negative zeta-potential of TD
(−17.4 mV) was determined to transformed +20.1 mV upon
addition of PGMA-EDA (Figure S4a). In consistency, distinct
Tyndall effect was observed for TD and TDP, particular for
TDP (Figure 1b), indicating the defined aggregated structure of
TDP. To demonstrate the feasibility of the proposed system
capable of promoting emission of aggregated Dox, laser light at
a wavelength of 365 nm was used to excite the solution of TPE,

TD and TDP. As opposed to limited emission of TPE solution,
intense emission was observed for the TDP complexes, which
can be explained by the aggregation of Dox and TPE. The
obtained results validated the potential use of AIE of TPE to
promote the traceability of Dox.
Aiming for tumor-targeted delivery, folic acid, whose

receptors were abundantly overexpressed on the tumor cells,
was introduced into the side chain of PGMA-EDA (PGMA-
FA) as alternative PGMA-EDA to construct the exterior layer,
which was referred hereafter as TDP-FA. The formed structures
were characterized by scanning electron microscope (SEM)
measurement. Uniform spherical structures were observed with
approximate diameter of 40 nm (Figure S4b), which was poised
to be within the optimal size range for systemic tumor
therapy.34 To demonstrate the potential use of the proposed
system for tumor targeted delivery, the biodistribution of TDP
and TDP-FA was investigated by in vivo imaging system
(IVIS), as shown in Figure 2a and b, distinct prompted tumor
accumulation (HeLa tumor) was observed for TDP-FA sample,
which verified the functional role of FA in prompting tumor
targeted delivery. In consistency, the systemic treatment of
subcutaneous xenografted HeLa tumor approved the improved
potency of TDP-FA sample than TDP sample (Figure 2c),
thereby verifying the strategic use of folic acids for improved
delivery of drug cargo to the tumors. In vitro cellular uptake
evaluation provided evidence of the improved accumulation as
a result of the increased specific affinity of folic acid to its
receptors. Pronounced enhancement in cellular uptake was
observed for TDP-FA sample as compared to TDP sample in
HeLa cells (overexpression of folic acid receptors) (Figure 3a).
Of note, the difference in cellular uptake of PGMA and PGMA-
FA in A549 cells (limited expression of folic acid receptors) was
not marked (Figure 3b), which affirmed the strategic use of
folic acid to introduce specific affinity to the tumor cells to
pursue promoted delivery of Dox into the tumor cells.
Subsequence to cellular uptake, the nanoparticles was subjected
to acidic digestive endosome/lysosome entrapment, thereby

Figure 2. In vivo systemic performances of TDP and TDP-FA to HeLa tumor bearing mice. (a) Biodistribution profiles of Dox was investigated by
IVIS for the samples of TDP and TDP-FA, where the quantified data for tumor accumulation was summarized as bar graph (b). (c) Tumor
suppression potency of TDP and TDP-FA via intravenous administration to HeLa tumor bearing mice, where molecular Dox and blank PBS served
as control samples, n = 6. (**p < 0.01; Student’s t test).
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requested the necessity of retrieve the entrapment of
nanoparticles from endosome entrapment.
To serve these purposes, the strategic use of the pH

responsive PGMA-EDA was investigated. As demonstrated

previously, PGMA-EDA has exhibited appreciable endosome
escape function due to its facilitated protonation at acidic
endosome pH 5.5 than physiological pH 7.4. Here, efforts were
focused to clarify the promoted intracellular releasing of the

Figure 3. Cellular Uptake and intracellular trafficking activity of molecular Dox, TDP, and TDP-FA. (a) Flow Cytometry evaluation of cellular
uptake efficiency of TDP and TDP-FA in FA-receptor-positive cell line of HeLa cells and FA-receptor-negative control cell line of A549 cells (white:
blank cells, purple: TDP, black: TDP-FA). (b) Real-time Dox releasing profile at pH 7.4 and pH 5.0 buffer. (c) Derivation of emission spectra in
response to Dox releasing, where the emission profile of TDP sample was measured at a time dependent manner under excitation with wavelength of
330 nm. (d) CLSM observation to distinguish intracellular distribution of Dox. (i) TPE (two-photon excitation of TPE); (ii) aggregated Dox
complex (FRET through two-photon excitation of TPE); (iii) image of panels i and ii merged; (iv) overall Dox (single-photon excitation of Dox).
Scale bar: 10 μm. (e) Insight on drug releasing profile in HeLa cells through in vitro quantification of FRET of TDP-FA as a function of incubation
time starting from 6 h post transfection under excitation of 330 nm and emissions of 580−620 nm.
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Dox with aids of PGMA-EDA. The experimental investigations
verified the facilitated releasing of Dox at acidic endosome pH
5.5 as compared to pH 7.4 (Figure 3b,c). Most likely, the
charge unbalance of electrostatic assembled structure was
induced due to promoted protonation of PGMA-EDA, thus
resulting in structural rearrangement to release excess cationic
components of PGMA-EDA in the acidic endosome, which is
likely then associate with negative-charged endosome mem-
brane to induce membrane disruption and further endosome
escape. Furthermore, the released nanostructures to the cytosol
(pH 7.4) became excess negative charge, thus undergoing
further structural rearranging to facilitate release of anionic TPE
together with its interior partner Dox. The obtained results
suggest the potential use of pH responsive PGMA-EDA for
endosome escape and intracellular drug release.
To explore direct insight on the Dox releasing behavior, we

conducted confocal laser scanning microscopy (CLSM)
observation by means of two-photon excitation of TPE to
visualize aggregated-Dox through FRET and single-photon
excitation of Dox to screen the overall intracellular Dox. As
shown in Figure 3d, the aggregated Dox complex observed to
reside in spherical subcellular compartment (endosome) with
intense brightness, verified efficiency of combinatorial use of
AIE and FRET for detection of aggregated Dox. In addition,
minor fraction of the aggregated Dox complex was observed in
the cytosol, suggesting the readily dissociation of complex and
Dox releasing occurred largely in the acidic endosome by virtue
of pH-responsive PGMA-EDA. No observable aggregated Dox
complex was in the nucleus, consistent with the fact that the
nucleus membrane representing as barrier to restrict the entry
of irrelevant macromolecules or nanoparticulates. Virtually, all
substances are requested to translocate the nuclear membrane
through nuclear pore complex (NPC), and transport across the
NPC has been reviewed in detail.35−42 Small molecules, such as
ions, metabolites, and intermediate-sized macromolecules, can
pass unassisted by diffusion which becomes increasingly
restricted as the particle approaches a size limit of ∼10 nm in
diameter.43,44 Consequently, it is not possible to observe the
localization of the aggregated Dox complex (approximate 40
nm in diameter) in the nucleus. On the other hand, the overall
intracellular Dox was screened under single-photon excitation
of Dox. Aside from the aforementioned endosome-entrapped
aggregated Dox complex, there was marked extra Dox
presenting in the cytosol and nucleus, presumed to ascribe to
the molecular Dox released from the complex. These results
validated the potential use of the AIE and FRET for insight on
the intracellular delivery and releasing behavior of the Dox
delivery system. Furthermore, to establish quantification of
intracellular Dox releasing rate of the proposed system, the
intensity of FRET post transfection was recorded. Presumably,
consistent decrease of FRET should be accompanied by Dox
releasing. The prior estimation has validated readily Dox
releasing at pH 5.5 (mimicking endosome) as compared to pH
7.4 (Figure 3b), supporting the assumption of preferable
releasing of Dox in the endosome. The FRET recording
witnessed gradually lowered FRET intensity with extension of
incubation time (Figure 3c), implying FRET can be employed
as an indicator to quantify the releasing profile of the
encapsulated Dox. In vitro time-dependent measuring the
FRET intensity of TPE/Dox approved the readily releasing of
Dox and TPE from the nanoparticles, where FRET intensity
appeared to undergo consistent decrease with extended
incubation (Figure 3d). Hence, these results affirmed the

potential of TPE to trace or quantify the releasing rate of Dox-
loaded delivery system. Another noteworthy was the capacity of
the proposed system to demonstrate segregated intracellular
distribution of donor TPE and acceptor Dox after releasing.
These intriguing observations inspire tremendous utilities of
the proposed system in understanding drug delivery kinetics
and intracellular delivery scenario. Furthermore, aside from
appreciable drug delivery efficiency, the synthetic components
used in fabrication of the proposed system was verified to
possess tempting safety profile, as evidenced in minimal
cytotoxicity observed for nondrug TP sample composed of
TPE and PGMA-EDA (Figure S5). Hence, the proposed
system fabricated with biocompatible materials, providing
critical functionalities with in situ surveillance of drug targeted
and controlled delivery, thus should be emphasized in broad
applications.
In summary, this study reports an appreciable drug delivery

vehicle, ensemble of therapeutic and reporting functionalities.
Aggregation of Dox and TPE created interior for subsequent
attachment of external PGMA-EDA, which elicited functions of
endosome escape and controlled intracellular Dox releasing.
Targeted tumor delivery was achieved by introducing ligand
folic acids at the side chain of PGMA-EDA, thus resulting in
potent therapeutic efficacy. Noteworthy is strategic use of TPE
whose distinct AIE entitled the potential use in surveillance of
systemic Dox delivery. Intracellular releasing profile could also
be dissected with regard to the distance limitation for FRET.
Pertaining to the relative short wavelength (UV range) to excite
TPE, two-photon excitation technique is particular applicable
for the proposed system with respect to the potentials of high
contrast, deep tissue penetration and reduced phototoxicity.
Thus, the proposed system may provide an important platform
to pursue in situ tracing drug delivery and gain the detailed
scenario from the tip of injection vein to the subcellular
organelle of the targeted cells.
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